The discovery of graphene in 2004 ignited prolific research owing to its potential for diverse applications, such as high speed semiconductor chips, flexible devices, optoelectronics applications, and energy storage[@b1][@b2][@b3]. Unlike graphene, which is a zero band-gap semiconductor, nano-graphene materials have a band gap. Accordingly, some of these materials exhibit optical emission due to quantum confinement effects[@b4]. In this way, nano-sized graphene and related materials have attracted much attention since they are expected to replace conventional cadmium-based quantum dots.

Among graphene-based materials, graphene oxide (GO) has stimulated a large body of research due to its luminescent properties. However, the origin of these properties is still controversial due to the complex structure of GO[@b5][@b6][@b7][@b8]. Here, we report for the first time that core/valence excitonic states are induced by quantum confinement in the graphitic regions of GO. Furthermore, the exciton binding energies are tuned by the degree of oxidation, i.e. the size of sp^2^ domains.

Results
=======

[Figure 1](#f1){ref-type="fig"} shows transmission electron microscope (TEM) images of two GO samples (GO1 and GO2) with different degrees of oxidation. The O:C ratios of GO samples obtained by energy dispersive X-ray (EDX) analysis are 0.35 and 0.38 for GO1 and GO2, respectively. The GO images appear as dim fringes, which are nearly straight lines, owing to the presence of overlapping GO sheets. These fringes are readily observed in sample GO1 ([Figure 1a](#f1){ref-type="fig"}). The stripes appearing in GO2 ([Figure 1b](#f1){ref-type="fig"}) alternate black and white, similar to that found for graphene ripples whose edges are functionalized with chemical groups[@b9][@b10]. The stripes represent flat regions that are wrinkled at their boundaries. The average stripe width in the image is 20 nm (5 stripes per 100 nm). The insets of [Figure 1a](#f1){ref-type="fig"} and [Figure 1b](#f1){ref-type="fig"} are the corresponding electron diffraction patterns of GO1 and GO2, respectively. These diffraction patterns can clearly be distinguished, implying that the crystalline phase is dominant. A small circular diffuse feature is also visible at the center of these diffraction patterns, revealing that GO also harbors amorphous regions. These TEM images therefore demonstrate that two spatially separated phases coexist in GO: a reacted amorphous region and an unreacted crystalline region. [Figure 1c](#f1){ref-type="fig"} illustrates the schematic structure of GO based on these TEM images.

The unreacted regions are not perfectly flat, i.e. there are some functionalized chemical groups within such regions. The reacted regions act as electronic potential energy barriers between unreacted regions. Owing to the structural distinction of GO, as determined by its specific domain and oxidation characteristics, we surmise that each unreacted region acts like an individual graphene nanoribbon (GNR) or graphene nano-diamond separated by these boundary walls. If unreacted regions are properly separated by reacted regions that function as potential energy barriers, electrons in graphitic (unreacted) regions can be confined to generate electron-hole coupling, while new electronic structures can be induced by controlling the degree of oxidation in GO.

In order to confirm the presence of core excitons in GO, we performed C K-edge X-ray absorption near edge structure (XANES) measurements. Given the dielectric characteristics of GO, there was a need to circumvent potential charging problems in this XANES experiment. In order to avoid charging, the entrance to the electron detector was biased to a positive potential, effectively raising the potential of the sample surface above the ground potential. In this way, charge-compensating electrons could fill the vacant states in GO more efficiently. The total electron yield (TEY) signal was collected as the bias voltage increased from 0 to +500 V. At 0 V bias, the peaks at 285 eV, 287 eV, and 291 eV were unclear due to charging effects. At +250 V, GO1 in [Figure 2a](#f2){ref-type="fig"} shows four clear peaks at 285 eV, 287 eV, 288 eV, and 291 eV. The peak at 285 eV corresponds to the π\* antibonding state of C = C[@b11]. The peak at 287 eV was assigned to the π\* antibonding of C-OH[@b12]. The third peak at 288 eV may originate from the π\* antibonding of the epoxy group (C-O-C). The fourth peak at 291 eV denotes the σ\* state of C = C[@b11][@b13]. At +500 V, the peak at 287 eV (π\*) becomes much sharper and increases in intensity. The shape and sharpness of this peak is typical of a core exciton, and is assigned as E~ex~. The binding energy of the core exciton (E~B~) was estimated by evaluating E~CB~, the conduction band edge of GO1. E~CB~was extracted by fitting the XANES spectrum with Lorentzian and arctangent functions, which describe the exciton state and the continuous step[@b14], respectively ([Figure 2b](#f2){ref-type="fig"}) such that E~B~ = E~CB~ − E~ex~. This yielded an E~B~ of 500 meV for GO1. Generally, the binding energy of the core exciton is larger than that of the valence exciton. The binding energy found here is much larger than that found for excitons in Si and GaAs, corresponding to 14.7 meV and 4.2 meV, respectively. However, the binding energy is similar to that found in organic electroluminescent (EL) materials (e.g. polydiacetylene (PDA) 500 meV, polythiophene (PT) 500 meV, and Tris(8-hydroxyquinolato) aluminum (Alq3) 1400 meV)[@b15].

The effective mass (μ) of the core exciton in GO1 with a binding energy was obtained by, where R~H~is the Rydberg energy (13.6 eV), ε~r~is the dielectric constant of GO (ca. 2.31 at room temperature[@b16]), and m~0~ is the electron rest mass. Thus, the effective mass of a core exciton in GO1 is μ = 0.196 m~0~. The Bohr radius of this core exciton (a~x~) can also be calculated with the following equation, where a~H~is the Bohr radius (0.529 Å). [Equation (2)](#m2){ref-type="disp-formula"} leads to an exciton Bohr radius (a~x~) in GO1 of about 6.23 Å, implying that core excitons are localized in GO1.

In the same way as for GO1, the Bohr radius of the core exciton in GO2 was obtained. The Bohr radius, the effective mass, and the binding energy of these core excitons are presented in [Table 1](#t1){ref-type="table"}, together with the O:C ratios of GO samples. As the O:C ratio increases, the binding energy of the exciton increases, while the Bohr radius decreases. An increasing O:C ratio produces more chemical groups on the surface of GO, i.e. the proportion of the reacted regions increases while that of the unreacted regions in GO diminishes. Therefore, an increasing O:C ratio will yield more boundary walls, leading to stronger quantum confinement effects.

Valence excitons have been more widely studied than core excitons, and are different from core excitons in the following ways. First, the binding energy of a valence exciton is smaller than that of a core exciton. Second, electron-hole interactions are generally neglected when discussing valence band optical properties in a valence exciton. Although the valence exciton is generally investigated by luminescence methods, it is difficult to validate the presence of such an exciton in GO owing to strong charging. Instead, to corroborate the formation of a valence exciton in the unreacted regions of GO, first-principles calculations were carried out using a many-body perturbation theory approach based on a three-step procedure[@b17]. For the calculation, we constructed a GO structure with epoxy groups as the confinement wall, containing an unreacted GO area of 1.5 nm × 2.6 nm ([Figure 3a](#f3){ref-type="fig"}). We assumed that the unreacted regions in [Figure 1c](#f1){ref-type="fig"} are similar to diamond-shaped GNRs separated by epoxy group walls.

[Figure 3a](#f3){ref-type="fig"} illustrates this simulated structure of GO, where the unit cell size is defined by the confinement wall boundaries. Although hydrogen and oxygen atoms comprise the confinement walls in these carbon domains, and hydrogen acts as a hard wall (see the [Supplementary Information, Figure S2](#s1){ref-type="supplementary-material"}) while oxygen offers a much softer boundary, this calculation assumed that the walls were formed exclusively from oxygen. This assumption is tenable because the experimental GO samples have a low coverage of chemical groups within graphitic regions. In addition, the graphitic domain size is as large as 2.0 nm. GO samples can be clearly discriminated based on the ribbon morphology. Thus, one can assume that the difference between the hydrogen and oxygen in the calculation is negligibly small.

The ground state electronic properties of the structure were calculated within the local density approximation (LDA) using the Ab-init code with separable norm-conserving pseudopotentials and a plane-wave basis set[@b18]. A kinetic energy cut-off of 50 Ry and 121 k-points were employed. Each atomic structure was fully relaxed until forces acting on atoms were less than 0.01 eV/Å. Next, the quasi-particle corrections to the LDA eigenvalues were computed using a screened Coulomb potential and the Green\'s function for the self-energy operator according to the GW approximation. In this procedure, LDA wave functions acted as good approximations to those for quasiparticles, while screening was treated within the plasmon-hole approximation[@b19] by solving the Bethe-Salpeter (BS) equation, where is the exciton wave function, *K^eh^* is the electron-hole coupling kernel, Ω*^S^* is the excitation energy, and *E~ck~* and *E~vk~* are the quasiparticle energies of the electron and hole states, respectively. Since a supercell method was employed in these calculations, a rectangular-shaped truncated Coulomb interaction was applied in order to eliminate the image effect between adjacent supercells. In this way, the result mimics isolated GNRs[@b20][@b21]. The valence and conduction bands each featured 10 band levels near the Fermi level in our calculation. All of the GW-BS calculations were performed using the Yambo code[@b22].

The inset of [Figure 3a](#f3){ref-type="fig"} illustrates the simulated electronic absorption spectrum, where the first transition peak appears at 0.07 eV. The valence band maximum (VBM) and conduction band minimum (CBM) are shown in [Figure 3b](#f3){ref-type="fig"}, where a confined sp^2^ carbon domain is dominant in both the VBM and CBM. The valence exciton wave functions are confined along the edges of the unit cell in the VBM, while the wave functions are confined to the corners of the unit cell in the CBM. The GW-corrected band gap is about 0.61 eV. The calculated valence exciton binding energy, E~VB~, is ca. 0.54 eV.

The size of the GO structure in this simulation is much smaller than that of the real GO structures shown in the TEM images. However, for an exciton formed within a carbon domain whose width is less than 2 nm, a scaling power law can be used to calibrate exciton parameters, including E~B~, according to the size of a given graphitic structure[@b23]. For example, GNRs can be categorized into three families, 3p, 3p + 1 and 3p + 2[@b23], where p is a positive integer and indicates the number of dimer lines across the ribbon width. A power law is associated with each family, with exponents −0.60, −0.73, and −0.55, respectively. A power law with these corresponding exponents is used to calculate E~VB.~

When the width of a GNR is larger than 2 nm, E~VB~changes slightly and begins to converge toward the limits, 0.75 eV for the 3p and 3p + 1 families, and 0.45 eV for the 3p + 2 family (see [Supplementary Information, Figure S2](#s1){ref-type="supplementary-material"}). For the GO structure simulation, shown in [Figure 3a](#f3){ref-type="fig"}, the average domain width is (1.5 nm + 2.6 nm)/2 ≈ 2.0 nm, which is close to the critical size limit with a converged E~B~ (see [Supplementary Information](#s1){ref-type="supplementary-material"}). E~VB~ of the simulated GO structure is equal to 0.54 eV across an average width of 2.0 nm, close to that of the 3p + 2 family for the GNRs (E~VB~ \~ 0.45 eV). For the GO structure, for which the domain size is larger than 2.0 nm, the converged E~VB~ is estimated to be close to the E~VB~ limit of 3p + 2 GNRs, or 0.45 eV (see [Supplementary Information](#s1){ref-type="supplementary-material"}). The computational results verify that the valence exciton is indeed generated in the graphitic domain of GO and that the binding energy of the valence exciton is inversely proportional to the width of GNRs.

The simulated valence exciton wave function for the first transition peak is shown in [Figure 4](#f4){ref-type="fig"}. This wavefunction is localized in the sp^2^ carbon domains. Such a feature is common to valence excitons generated in other graphene-based structures displaying quantum confinement, such as GNRs[@b23][@b24][@b25][@b26]. The valence exciton in GNRs is caused by the edge confinement effect in graphene. Since the valence exciton in GO is formed in graphitic regions like anthracene[@b27][@b28], it has clear non-Frenkel characteristics. In addition to the ribbon structure, the simulation performed here can also be applied to GO with nano-graphitic regions. The structure of [Figure 3(a)](#f3){ref-type="fig"} is quadrilateral, similar to that found for nano-graphitic islands. Thus, wherever GO samples contain nanoscale sp^2^-domains, the binding strength of valence excitons will exhibit similar characteristics.

Discussion
==========

Returning to the optoelectronic properties of GO, it is well known that GO exhibits steady-state photoluminescence (PL) and that this PL appears in graphitic regions in GO[@b29][@b30]. The PL in GO is dominated by optical emission at 600 nm. With the increased chemical reduction of GO, the peak emission wavelength shifts from 600 nm to 400 nm[@b29]. The PL process in GO has been explored using time-resolved PL (TRPL) experiments and the associated data were decomposed into three exponential decay processes[@b29]. However, the nature of this PL process has not yet been fully understood. Since the origin of the PL is likely to be related to the valence exciton and PL experiments are generally used to measure the lifetime of valence excitons in semiconductors, TRPL experiments were performed to investigate the luminescent properties of GO.

GO samples were excited at λ~ex~ = 400 nm. Emission data using λ~em~ = 600 nm were collected with time. [Figure 5 (a)](#f5){ref-type="fig"} illustrates the TRPL of GOs with time. GO1 shows a slower relaxation than GO2. The PL spectra of both GO samples shows a multi-exponential decay, which was decomposed into three exponential components: 187, 1415, and 6090 ps for GO1, and 33, 467, and 5870 ps for GO2. These PL results also show similar behavior with other GO materials previously reported. As the graphitic region becomes smaller with a higher oxidation, the emission decays faster, which is also common in quantum dot materials[@b31]. [Figure 5 (b) and (c)](#f5){ref-type="fig"} are the schematic models for GO1 and GO2, respectively. The origin of PL is presumably related to the presence of the valence exciton supported by the calculation results.

We have investigated the structural properties of GO with TEM, revealing that two types of regions co-exist in GO. To study quantum confinement in GO, high-resolution XANES was performed. XANES spectra show that core excitonic states are formed in GO. As the O:C ratio of GO increases, the binding energy of the core exciton increases. First-principles calculations show that electrons in GO are confined in unreacted regions and the binding energy of valence excitons is inversely proportional to the size of unreacted regions. Electrons in unreacted regions of GO are confined and, as a result, core/valence excitonic states are induced. Furthermore, the binding energy of the core exciton and the relaxation time of the valence exciton in GO can be tuned by controlling the degree of oxidation in GO. These findings suggest that GO has potential applications in two dimensional optoelectronic devices.

Methods
=======

Sample preparation
------------------

GO samples were prepared by the Brodie process. Graphite (5 g, 99.995% purity, 45 μm, Aldrich) was added to fuming nitric acid (65.5 mL). After cooling the mixture in an ice bath, KClO~3~ (25.0 g) was slowly added while stirring for 30 minutes. The mixture was kept at this temperature for 3 days. It was then transferred into cold deionized water (1 L), the solution was immediately centrifuged and the residual powder washed. The residual powder was dried overnight at 70°C and the procedure was repeated.

Morphology characterization
---------------------------

To characterize the morphological properties of GO, we used a FEI Philips Tecnai 20 transmission electron microscope (TEM). The elemental composition of the samples was identified by energy dispersive X-ray (EDX) analysis.

XANES experiments
-----------------

The samples were also characterized by high-resolution X-ray absorption near edge structure (XANES) spectroscopy, which was performed on the 2A undulator beamline at PAL in Korea. The XANES spectra were acquired at room temperature using a total electron yield (TEY) detection mode in order to minimize charging effects.

Time-resolved photoluminescence
-------------------------------

The dynamics of luminescent properties of GO was investigated by time resolved photoluminescence. 400 nm excitation pulses were generated from an optical parametric amplifier, pumped by a 1 kHz, 150 fs regenerative amplifier. The PL signal was time-resolved using an Optronis Optoscope streak camera system with a temporal resolution of 6 ps.
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![TEM images of GO samples.\
(a) GO1 and (b) GO2. The scale bars of (a) and (b) are 200 nm. (c) Schematic structure of GO based on the TEM.](srep02250-f1){#f1}

![XANES spectra of GOs.\
(a) High-resolution C K-edge XANES spectra of GO. (b) Fit of GO1 spectrum (500 V) with Lorentzian and Arctangent functions.](srep02250-f2){#f2}

![Valence exciton wavefunctions in the graphitic region of GO.\
(a) Atomic structure for GO. The unit cell is marked by the black-line boundary which has a size of about 1.5 nm × 2.6 nm. The gray and red colors represent the carbon and oxygen atoms, respectively. The inset is the simulated electronic absorption spectrum. (b) The conduction band minimum (CBM) and valence band maximum (VBM) for the GO structure given in Figure 3a. The exciton wave functions are represented as purple.](srep02250-f3){#f3}

![Valence exciton wavefunction for the first transition peak shown in the inset of [Figure 3(a)](#f3){ref-type="fig"}.\
The gray and red colors represent the carbon and oxygen atoms, respectively. The yellow exciton wavefunctions are localized at the two corners along the x-axis, while the small wavefunction in the CBM of [Figure 3b](#f3){ref-type="fig"} along the y-axis disappeared. A hole (black spot) is fixed in the middle of π bond. The iso-value is 0.02.](srep02250-f4){#f4}

![Time-resolved PL spectra of GOs.\
(a) TRPL spectra of GO samples. (b)--(c) schematic GO models for GO1 and GO2, respectively. The yellow regions represent graphitic regions.](srep02250-f5){#f5}

###### O:C ratio of GO samples. The binding energy, the effective mass, and the Bohr radius of core excitons in GO sample are presented

         O:C ratio    E~B~     Bohr radius of exciton (a~x~)   Effective mass (μ)
  ----- ----------- --------- ------------------------------- --------------------
  GO1      0.35      350 meV              6.23 Å                   0.196 m~0~
  GO2      0.38      500 meV              4.36 Å                   0.28 m~0~
